Abstract. This paper presents the study of oxide film heterojunction made of CuAlCrO 2 and ZnO:Al (AZO) deposited on fused quartz by sol-gel spin coating. Transmission electron microscopy (TEM) analysis has showed that the solvent, which was used to prepare the AZO sol, affects the thickness and planarity of the applied layers and the grain size of the polycrystalline film. The formation of a fine-grained structure of AZO films (grain size is up to 12 nm) leads to the formation of a smoother p-CuAlCrO 2 / n-AZO heterojunction. X-ray diffraction (XRD) analysis and TEM have revealed that the heterojunction was formed by AZO polycrystals, which orient axes For the large values of the reverse bias, an increase in the leakage current is observed, which is associated with tunneling breakdown of heterojunction. The ideality factor of fabricated p-CuAlCrO 2 / n-AZO heterojunction is more than 2, which indicates the mechanisms of conductivity by defect-levels. In additional, it has been observed the response of the current-voltage characteristics to the green illumination (532 nm) of the diode that is associated with indirect band-gap absorption in CuAlCrO 2 . The impact of the white LED illumination had no effect on the current-voltage characteristics of the diode.
INTRODUCTION
To fabricate a transparent in the visible spectral range heterojunction, it is necessary to have n-type and p-type semiconductors with band gap, which is more than 3 eV. Such materials as transparent conductive oxides (TCOs) are very suitable for this function. TCOs themselves are mostly n-type semiconductors. Design and fabrication of p-type TCO with good band alignment to n-TCO is the main task for obtaining the transparent p-n junction [1] . The materials with delaffosite structure are preferable to p-TCO [2] . Nickel oxide (NiO) is a second important matter for the formation of a heterojunction [3] . To observe the current flow through the p -n junction, a good agreement of the lattice parameters of two materials is necessary. However, in [4] it was demonstrated that the current-voltage characteristics of the device corresponds to the diode one for the pSrCu 2 O 4 / n-ZnO heterojunction with rather large mismatch of the lattice parameters. This result initiated the research in the area of oxide heterojunctions and provided an opportunity for fabricating structures by various techniques.
In the works on fabrication of heterojunctions based on TCOs, the authors mainly use the following coating techniques: pulsed laser deposition technique [5] [6] [7] [8] [9] [10] , magnetron sputtering [11] [12] [13] , plasmaenhanced metal-organic CVD (PE-MOCVD) [14, 15] .
The application of vacuum and technologically complex methods is caused by the necessity to obtain a good interface of heterojunction [16] . Electrochemical deposition [17] [18] [19] and sol-gel [20] [21] [22] methods are alternative non-vacuum processes for low-cost, high throughput thin film deposition.
In the scientific community, there is a limited number of publication related to oxide heterojunctions fabrication using solution chemistry methods. In these works on transparent oxide heterojunctions fabrication by the sol-gel method, NiO is generally used as the p -layer due to its simple structure and composition [21, 22] . As a rule, only n-layer is prepared by chemical methods [23] .
In this work, zinc oxide doped with aluminum (AZO) as the n-layer and chromium doped CuAlO 2 as the p-layer of heterojunction were selected. Both layers are prepared using the sol-gel method of spincoated deposition. This is the first work in the sphere of fabrication a p-n junction by the sol -gel method, where the p-type layer has a delaffosite structure.
The band arrangement of p-and n-type oxides plays a crucial role for the formation of the heterojunction. An electron affinity and band gap values of CuAlCrO 2 [24] are closer to AZO parameters than NiO values. Thus, the band offsets in the p-CuAlCrO 2 / n-AZO pair are smaller than in the pNiO / n-AZO pair. Moreover delaffosites have a hexagonal structure, like AZO, thereby are more preferable to obtain good interface. These two factors have determined the choice of CuAlCrO 2 as a pair for AZO.
In the previous works [25, 26] the authors obtained transparent conductive oxides of n-and p-type conductivity: AZO and CuAlCrO 2 by the sol-gel method. The parameters of the fabricated films are the following: for AZO electrical resistivity is 0.3  cm and optical transmittance in the visible region is up to 90%. For CuAlCrO 2 electrical resistivity is 4 k  cm and optical transmittance in the visible region is up to 70 %.
FABRICATION OF p-CuAlCrO 2 / n-AZO HETEROJUNCTION
For this research, two types of p-CuAlCrO 2 / n-AZO heterojunctions, which had different solvents for the n-layer preparation, were used. For the first (Sample 1) and the second (Sample 2) type of heterojunctions fabrications ethanol and 2-Methoxyethanol were used for n-layer preparing respectively.
To fabricate a p-n heterojunction, ten monolayers of CuAlCrO 2 were deposited on a fused quartz substrate. After annealing, a mask covering the part of the prepared CuAlCrO 2 film was deposited, and then monolayers of AZO were deposited on the top of the structure. Sample 
CHARACTERIZATION
The morphology of p-CuAlCrO 2 / n-AZO heterojunctions (Sample 1, Sample 2) was determined through transmission electron microscope (TEM) technique using a JEOL JEM-2100F with the accelerating voltage of 200 keV. The samples were prepared in a cross section in accordance with the standard procedure, including preliminary mechanical thinning and further polishing with an ion beam (argon ion beam energy -4 keV). Samples were examined in diffraction and high resolution modes.
Phase identification and crystallographic structure determination were realized using X-ray diffraction (XRD) on a Dron-8 X-ray diffractometer with CuK 1 radiation (40 kV, 20 mA,  = 0.154056 nm) in the 2 range of 10-95°. The optical transmission spectra measurements were performed with the fiber spectrometer AvaSpec-2048. The I-V measurements were recorded by sourcemeter (Keithley 2450) in the darkness and with illumination of green diode light at 532 nm. The ohmic behavior of the electrodes was verified by I-V measurements between two silver contacts on the surfaces of CuAlCrO 2 and AZO.
RESULTS AND DISCUSSION

Morphological analysis
The morphology of the samples (Sample 1, Sample 2) as well as of n-AZO and p-CuAlCrO 2 layers on fused quartz substrates was determined through a transmission electron microscopy technique. Figs. 1a-1h present the cross section TEM images of Sample 1 and 2, the cross section TEM images of n-AZO, and p-CuAlCrO 2 layers, and diffraction patterns for n-AZO and p-CuAlCrO 2 layers.
From Figs. 1a and 1b, it can be seen that the planarity of the boundary between the AZO layer and CuAlCrO 2 is disturbed in both cases. However, the interface between the layers is smoother in Sample 2. Fig. 1c shows the cross section TEM image of n-AZO layer prepared from a sol based on ethanol solution. The total thickness of the layer is from 250 to 280 nm. In the AZO layer, we observe three coarse-grained monolayers separated by finegrained ones. The small grains are up to 10 nm, while the large ones reach 30 nm. The diffraction pattern (Fig. 1d) corresponds to a polycrystalline sample. Fig. 1e presents the cross section TEM images of n-AZO layer prepared from a sol-based on 2-Methoxyethanol solution. The total thickness of the layer is from 82 up to 87 nm. The separate monolayers with grains from 9 to 12 nm in size are clearly observed. Fig. 1g represents the cross section TEM images of a p-CuAlCrO 2 layer on a fused silica substrate. The total film thickness of the layer is from 75 to 85 nm, the size of one grain is from 50 to 75 nm. The grain misorientation angle in the CuAlCrO 2 layers is only 1.5-2 degrees, which determines by the point diffraction pattern with a slight stretching of the reflexes in arcs (Fig. 1h). 
Structural characterization
The phases of the p-CuAlCrO 2 / n-AZO heterojunction components were confirmed with XRD measurements as shown in Fig. 2 .
To calculate the XRD patterns of the samples, the positions of the diffraction peaks were determined and the relative integrated intensity was calculated. The calculation of interplanar distances were determined according to the Bragg's formula
where n -an order of diffraction maximumo,  -the wavelength of the X-ray, d -is the distance between the lattice plane,  -is the incident angle (Bragg angle).
The particles size was determined by the Scherrer formula [28] on the basis of the position and intensity at the half width (FHWM) of diffraction maxima: where l -the linear particles size and R -a numerical constant.
In the p-type layer, the crystalline phase is CuAlO 2 (Fig. 2, red) : its spatial group is R-3m (166) and has hexagonal syngony. Chromium doping appears as a weak peak displacement. The calculated lattice constants for the p-CuAlCrO 2 are a = 2.907 Å, b = 2.907 Å, c = 16.960 Å ( = 90°,  = 90°,  = 120°). The average crystal size calculated by the Scherrer formula is about 30 nm.
In the n-type layer, the crystalline phase is ZnO (Fig. 2, blue) . The spatial group of this phase is P63mc (186); it has hexagonal syngony. Aluminum doping is manifested as a weak peak displacement. The calculated lattice constants for the n-AZO are a = 3.242 Å, b = 3.242 Å, c = 5.195 Å ( = 90°,  = 90°,  = 120°). The average crystal size, calculated using the Scherrer formula, is about 11 nm.
Both The formation of smaller grain size of AZO prepared from 2-Methoexyethanol solution simplifies the embedding of AZO grains on the polycrystalline CuAlO 2 layer and leads to the formation of a smoother heterointerface.
Optical characterization
The transmittance spectra with the wavelength from 300 to 1000 nm of Sample1 and Sample 2 are shown in Figs. 3a and 3b. From Fig. 3b it can be seen that the optical transmittance for Sample 2 reaches up to 70% in visible region. The optical transmittance of Sample 1 is less than 40% in the visible region that indicates the shadow of the sample on interface and, consequently, bad heterojunction formation.
Current-voltage characteristics of p-CuAlCrO 2 / n-AZO heterojunction
The band offsets between n-and p-layers are important properties of heterostructure. To construct the band diagram of the heterojunction, the Anderson model [29] is used. The band offset of the conduction bands in p-CuAlCrO 2 and in n-AZO, the band offset of the valence bands in p-CuAlCrO 2 and in n-AZO are 1.8 eV and 1.9 eV, respectively. In our calculations, it was taken into account that the values of the electron affinity for materials are 2.44-2.54 eV for CuAlCrO 2 [30, 31] and 4.2-4.6 eV for AZO [32, 33] . The values of the band gaps measured in the previous works were 3.17 eV for CuAlCrO 2 [25] and 3.3 eV for AZO [26] . Based on the values of electrical parameters for CuAlCrO 2 and AZO [34] [35] [36] , the positions of the Fermi levels and the contact potential difference for materials were determined. The band diagram for p-CuAlCrO 2 / n-AZO heterojunction is demonstrated in Fig. 4 .
The performance of the prepared heterojunctions (Sample 1, Sample 2) was investigated using the current-voltage characterization. Fig. 5 shows the current-voltage characteristics of Sample 2 in the darkness at the room temperature. From Fig. 5 it can be seen that heterostructure provides nonlinear behavior, confirming the p-n heterojunction formation. Sample 1 provides the linear behavior of current-voltage characteristics and, considering the observed bad optical transmittance for this sample, we can confirm the absence of heterojunction.
Increased current is observed on green light (532 nm) exposure under both forward and reverse bias (Fig. 5a, green curve) , indicating the photo responsive nature of p-CuAlCrO 2 / n-AZO heterojunction. These current enhancements reveal the absorption of incident green light by the p-CuAlCrO 2 layer and further generation of photocarriers by excitation of electrons from the taps levels of Cu in band gap to conduction band [36] . Fig. 6 shows the current-voltage characteristics of the current density in the range from -6 up to 6 volts. It can be seen that when reserve bias is greater than 4 V, there is a sharp increase in leakage current associated with tunneling breakdown.
The ideality factor of the diodes is determined by assuming the Shockley equation [37] :
where q -an elementary charge, U -the applied voltage, k B -the Boltzmann constant, T -the temperature, I s -the saturation current. Therefore, the ideality factor of the diodes is determined from the slope lnI to U with a positive forward bias. A linear fit in a lnI versus V plot results in =4 for forward bias up to 0.5 V. The ideality factor increases together the voltage with. The ideality factor greater than 2 was observed in studies of wide-gap oxide heterojunctions and homojunctions [38, 39] . The great value of the ideality factor is related to the influence on the current flow process through the heterojunction of the following mechanisms: the presence of the surface or interface states, the defect-level recombination, and the space-charge limited conduction [40] .
Despite the fact that polycrystalline layers lead to the presence of a large number of inhomogeneities and defect states at interface of heterojunction, we suppose that using the sol-gel method to diode fabrication is justified. It is also assumed that the adding of buffer layers into the heterojunction structure and the variation of dopant concentrations in the layers will reduce the ideality factor of the heterojunction transition. An annealing in inert gases prepared by the sol-gel layers method will lead to an interface improvement and therefore to the improvement in diode characteristics.
CONCLUSIONS
We have demonstrated the facile fabrication by solgel technology of transparent diode on p-CuAlCrO 2 / n-AZO heterojunction. It has been shown that the formation of a fine-grained structure in the AZO layers makes it possible to fabricate a good heterointerface and leads to diode formation. The combined analysis of TEM and XRD measurements has indicated that the layers have all prerequisites for the heterojunction formation. The orientation of the CuAlCrO 2 polycrystals on the fused quartz substrate allows the AZO polycrystals to form a layer along the directions with minimal mismatch of interplanar distances. The optical transmission of the heterojunction in the visible range reaches 70%. The current-voltage characteristics corresponds to a diode with the ideality factor of 4, associated with defective formations at the boundaries. The task of improving the current-voltage characteristics of the p-CuAlCrO 2 / n-AZO heterojunction is promising in devices fabricated on the base of the solution chemistry method. 
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